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ABSTRACT 


In  order  to  understand  (a)  the  physical  behavior  at  the 
atomistic  level  of  the  superconducting  metal  matrix 
composites,  (b)  to  develop  an  analytical  model  and 
derive  solutions  for  explaining  the  superconducting 
behavior  of  metal  based  composite  systems  and  (c)  to 
develop  a  process  to  produce  very  ductile  new  metal 
matrix  superconducting  wires  and  tapes  with  acceptable 
superconducting  temperature  (Tc)  and  current  carrying 
capacity  (J_)  two  metal  matrix  composite  systems 
( aluminum/ YBa2Cu3°6+x  and  silver/YBa2Cu306+x)  have 
been  investigated.  The  composites  that  were  processed 
contain  10  -  72  wt.%  aluminum  or  silver  and  the 
processing  procedures  were  similar  to  those  used  in 
conventional  powder  metallurgy. 


The  results  suggest  that  silver  forms  superconducting 
composites  in  the  concentration  range  10-  72  wt.%. 
However,  three  superconducting  transition  temperatures 
were  observed  for  composites  containing  different 
amounts  of  silver  (viz.  1-10  wt.%  silver  Tc  <  86  K;  10 
-  40  wt.%  silver  T_  range  86  -  77  K  and  40  -  72  wt.% 
silver  TQ  range  77  -  60  K  respectively) .  The 
superconducting  behavior  of  silver  composites  can  be 
explained  in  terms  of  the  proximity  effect,  however,  the 
estimated  extrapolation  length  for  the  diffusion  of 
superconducting  electrons  into  the  silver  matrix  is  much 
less  than  the  superconducting  particle  -  particle 
separation  distance  measured  from  the  experimentally 
determined  values.  The  critical  current  value  (Jc) 
measured  at  liguid  nitrogen  temperature  (-77  K)  was 
found  to  depend  upon  the  concentration  of  silver  in  the 
composite  and  the  absolute  value  for  composites 
containing  10  and  40  wt.%  silver  was  100  and  25  amp  cm-2 
respectively. 


The  most  intriguing  and  new  discovery  is  the  production 
of  aluminum  based  composites  that  can  superconduct 
around  90  K.  The  results  indicate  that  the  10  -  55  wt.% 
aluminum  composites  do  not  show  any  superconducting 
behavior.  However,  the  60  wt.%  aluminum/40  wt.% 
YBa2Cu30g+x  composites  show  a  zero  resistance  transition 
around  90  K  and  very  interesting  second  transition 
around  120  K  suggesting  that  a  new  generation  af  metal 
matrix  superconducting  composites  b&£  been  discovered. 
For  the  aluminum  concentrations  >  62  wt.%,  the  composite 
electrical  resistance  versus  temperature  behavior  is 
similar  to  that  of  pure  aluminum  conductor.  Since  the 
superconducting  behavior  of  the  aluminum  composites  was 
limited  tc  a  narrow  concentration  range,  no  current 
theories  of  superconductivity  were  found  to  be 
applicable  to  this  system  and  it  is  possible  that  the 
mechanism  of  the  observed  "anomaly"  may  be  explained  in 
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terns  of  the  electronic  charge  density  structure  of 
aluninun/YBa9Cu306+x  interface.  In  addition  it  was 
found  that  the  superconducting  behavior  of  the  60  wt.% 
aluminum/ 40  wt.%  YBa^Ch^Og+y  composites  is  very 
sensitive  to  the  sintering  temperature  and  the  duration 
of  sintering.  The  critical  current  values  measured  at 
the  liquid  nitrogen  temperature  and  zero  magnetic  field 
were  found  to  be  50  amp  cm”2  and  10  -  15  amp  cm”2  for 
small  samples  and  50  cm  long  coils  respectively.  The 
microstructural  examination  of  the  samples  revealed  that 
the  extrusion  process,  that  was  used  to  produce  long 
wires  or  tapes  tends  to  introduce  an  uneven  distribution 
of  superconducting  YBa2Cu306+x  particles  in  the  aluminum 
matrix.  It  is  possible  that  such  an  uneven  distribution 
of  YBa2Cu306+x  has  resulted  in  the  lowering  of  critical 
current  from  50  amp  cm”2  to  10  -  15  amp  cm”2. 
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INTRODUCTION 


The  electrical  systems  that  are  presently  being  used  in 
superconducting  magnet  or  motor  generator  applications  must  be 
cooled  with  liquid  helium  (temperature  -  4  K) .  In  order  to  maintain 
the  superconductor  temperature  at  4K,  a  special  and  more  complicated 
cryogenic  system  is  required  to  maintain  liquid  helium  state  of  the 
coolant.  Ceramic  superconductors  have  now  been  identified  that  they 
can  superconduct  at  liquid  nitrogen  temperatures  (temperature  -  77 
K)  and  somewhat  higher  [1-3].  The  ability  to  cool  a  superconductor 
with  liquid  nitrogen  versus  liquid  helium  offers  logistical 
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advantages  for  the  Navy  in  both  system  reliability  and  operational 
cost.  However,  the  new  high  temperature  superconducting  ceramic 
materials  generally  are  very  hard  and  brittle,  and  are  very 
difficult  to  be  processed  into  useful  net  shaped  components.  New 
processes  to  enhance  the  ease  of  fabrication  of  these  materials  into 
useful  shapes,  such  as  wires  for  magnets  as  used  in  the  electric 
drive  system  motors  and  generators,  are  being  sought  to  reduce  the 
overall  cost  of  the  system.  Such  process  would  be  used  to  produce 
net  shaped  objects  such  as  low  loss  microwave  cavities  or  hollow 
tube  "down  leads"  that  will  transition  the  current  leads  from  room 
temperature  to  that  of  a  helium  cooled  superconducting  storage 
magnet. 

In  the  open  literature  there  have  been  many  claims  of  processing 
the  yttrium  based  YBa2CU306+x  ceramic  materials  into  useful 
components,  however,  to  date  no  flexible  superconducting  components 
have  been  produced.  Recently  it  has  been  recognized  that  the  key  to 
achieving  more  flexibility  of  the  final  superconductor  is  to 
incorporate  highly  ductile  metallic  species  such  as  silver  or  gold 
during  the  initial  phase  of  processing  [4-5],  However,  composite 
processing  based  on  either  gold  or  silver  is  not  economical  for 
large  scale  manufacturing.  Some  researchers  have  suggested  that 
aluminum  can  be  a  suitable  alternative  for  either  silver  or  gold, 
provided  that  the  superconducting  composite  processing  involves 
steps  to  prevent  the  formation  of  aluminum  oxide  [6-8].  Although  a 
few  investigators  have  reported  that  they  have  succeeded  in 
overcoming  the  problem  associated  with  the  aluminum  oxide  formation, 
others  have  concluded  that  the  addition  of  even  a  small  percentage 
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of  aluminum  will  lower  the  superconducting  :ransition  temperature 
(Tc)  significantly  [9-11] .  These  researchers  have  indicated  that  if 
the  concentration  of  aluminum  in  the  composite  is  above  10  vt.%,  the 
metallic  additive  (aluminum)  would  destroy  the  superconducting 
property  of  the  YBa2Cu306+x  completely.  At  CDNSWC,  Annapolis, 

under  a  separate  program  entitled  MSuperplasticity  in  Ceramic 
Superconductors,"  a  detailed  and  thorough  basic  scientific 
investigation  was  carried  out.  Most  of  the  effort  under  that 
program  was  focused  to  understand  the  effect  of  alumina  or  silver 
oxide  on  YBa2Cu306+x  particle  structure,  morphology, 
superconductivity  and  deformation  behavior.  During  that 
investigation,  aluminum  powder  was  used  instead  of  alumina.  An 
accidental  explosion  of  the  samples  containing  aluminum  inside  the 
sintering  furnace  has  produced  very  flexible  aluminum  rich 
composite.  When  the  electrical  resistance  versus  temperature 
profile  of  the  explosion  induced  composite  was  determined,  it  was 
found  that  the  sample  behaved  as  a  superconductor  with  two 
transitions  around  -  90  and  -  120  K  indicating  that  a  new  aluminum 
based  superconducting  material  system  has  been  discovered.  In  order 
to  obtain  a  similar  composites,  few  experiments  were  conducted  on 
aluminum/YBa2Cu306+x  powder  compacts.  The  experiments  were  so 
designed  that  the  processing  would  simulate  the  sintering  conditions 
that  has  led  to  the  original  discovery  of  the  new  materials.  The 
simulated  processing  experiments  have  demonstrated  that  a  new  breed 
of  aluminum  metal  based  superconducting  composites  can  be  produced 
provided  the  YBa2Cu306+x  can  be  incorporated  into  the  matrix  of 
aluminum  without  any  structural  degradation  ( i . e . ,  without  the 
conversion  of  superconducting  orthorhombic  phase  to  non  - 
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superconducting  tetragonal  phase) .  As  a  result  a  new  program  on  the 
superconducting  metal  matrix  composite  materials  has  been  initiated 
under  the  Independent  Research  Program. 

The  over  all  goal  of  this  project  can  be  summarized  as  follows  : 
(a)  to  understand  the  basic  physics  of  the  superconducting  behavior 
of  aluminum/YBa2CU306+x  composites,  (b)  to  establish  processing 
criteria  for  producing  aluminum  based  composites  without  any 
structural  degradation  and  (c)  to  produce  strong  and  flexible  wires 
and  tapes  with  optimized  superconducting  properties  (viz.  Tc  and 
Jc) .  This  paper  describes  the  basic  structural,  microstructural  and 
superconducting  properties  of  aluminum/ YBa2Cu306+x  composites  as  a 
function  of  processing  methodology.  The  results  obtained  from  a 
similar  study  on  sliver/YBa2Cu306+x  composites  are  also  discussed 
for  comparison. 


THEORETICAL 

Although  the  high  temperature  superconducting  materials  have 
been  established  during  the  past  five  years,  the  actual  mechanism  of 
the  superconducting  behavior  of  these  materials,  in  particular  in 
composite  systems,  has  not  been  understood.  The  behavior  of 
composites  in  low  temperature  superconductors  has  been  explained  in 
terms  of  the  diffusion  of  "Cooper  pairs"  from  superconducting 
material  into  the  non  superconducting  metallic  conductor. 

In  general  it  has  been  suggested  that  if  a  normal  metal  is 
deposited  on  top  of  a  superconducting  material  with  a  good 
electrical  contact,  the  composite  system  can  show  some 
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superconducting  property  due  to  the  leakage  of  “Cooper  pairs"  from 
superconductor  into  the  metal.  Such  an  effect  is  often  called  the 
"proximity  effect"  and  the  typical  distance  of  diffusion  in 
classical  metallic  superconductors  is  given  as  0.1  micron. 

Deutscher  and  de  Gennes  [13]  has  suggested  that  the  superconducting 
transition  temperature  of  the  composite  system  (Tcc)  can  be  related 
to  the  Tcs  of  the  pure  superconductor  and  the  extrapolated  length  of 
diffusion  of  superconductivity  from  superconductor  to  the  metal  as 

TCC  =  TCS  “  A  (l/D.+B)2  . (1) 

where  A  is  a  constant,  Ds  is  the  thickness  of  the  superconducting 
layer  and  B  is  the  extrapolation  length  for  the  diffusion  of 
superconductivity  from  a  superconductor  to  the  metal. 

Pande  [14]  suggested  that  the  superconductivity  of  a  composite 
can  be  expressed  as  a  function  of  superconductor  concentration  of 
the  composite  empirically  as 

in  [Tce  /  Tcs]  =  {Q0  +  Q  U-W)"1  ....(2) 

where  Qq  and  Q  are  constants  which  represents  the  extrapolation 
length  of  the  diffusion  of  superconductivity,  and  (l-fv)  and  fv 
volume  fraction  of  the  superconducting  and  non  -  superconducting 
phases  respectively.  The  above  equation  thus  will  provide  a 
relationship  between  the  concentration  of  the  superconducting  phase 
(i.e.  YBa2Cu306+x)  and  the  superconducting  transition  temperature 
(Tc)  of  the  composite.  However,  Pande's  equation  cannot  provide  a 
direct  estimate  of  the  extrapolated  length  of  the  diffusion  of  the 
superconductivity  from  the  superconductor  to  the  metal. 
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As  a  first  attempt  a  new  mathematical  expression  was  derived  to 
explain  the  superconductivity  of  the  metal  matrix  composite  system 
as  a  function  of  the  extrapolated  length  of  diffusion  of 
superconductivity  into  the  metal  matrix.  It  was  assumed  that  the 
process  of  the  diffusion  of  superconducting  electrons  from  the 
superconductor  through  the  non-superconducting  metal  matrix  is 
similar  to  that  of  the  diffusion  of  the  electric  charge  from  a 
polarized  oxide  surface  into  the  liquid  phase  and  form  an  electrical 
double  layer  at  a  solid  -  liquid  interface. 

In  this  approach,  it  was  assumed  that  that  the  penetration  of 
the  superconducting  electrons  into  the  non- superconducting  metal 
matrix  constitutes  two  different  regions.  In  the  first  region,  the 
electrons  form  a  fixed  boundary  which  is  formed  due  to  the  leakage 
of  the  "Cooper  Pairs",  a  process  similar  to  that  of  the  diffusion  in 
low  temperature  superconductors  (  typical  distance  -  o.i  micron). 

The  second  region  constitutes  the  superconducting  electron  diffusion 
into  the  metal.  Assuming  that  the  electron  distribution  in  the 
diffused  boundary  follows  Poisson  -  Boltzmann  equation,  the 
superconductivity  of  the  composite  can  be  represented  as  a  function 
of  concentration  of  the  superconducting  phase  and  the  extrapolation 
length  for  the  diffusion  of  the  superconductivity  in  the  simplified 
final  form  as 

<TCC  /  Tom)  as  A  exp  (-  CB>  . (3) 

where  A  is  a  constant  that  represents  the  "Cooper  Pair"  leakage 
distance  into  the  non-superconducting  metal 
C  *  (<1  -  fv)  /  fv)  where 

x-fv  is  the  volume  fraction  of  the  superconducting  phase  fv  is  the 
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volume  fraction  of  the  non  superconducting  phase  and 
B  is  the  diffusional  distance  for  the  superconducting  electrons  into 
the  metal. 

Although ,  the  final  form  of  the  new  solution  is  similar  to  that 
of  the  mathematical  expression  that  was  suggested  by  Pande,  the  new 
equation  (equation  3)  will  enable  to  determine  the  extrapolation 
length  for  the  diffusion  of  the  superconductivity  into  non¬ 
superconducting  metal  directly. 

The  above  three  expressions  not  only  can  be  applied  to  test  the 
validity  of  the  proximity  theory  of  low  temperature  superconductors 
for  high  superconducting  metal  matrix  composites,  but  also  can  be 
used  for  the  determination  of  the  extrapolated  length  of  the 
diffusion  of  superconductivity  from  the  superconductor  to  the  metal 
matrix  from  the  information  of  the  superconducting  transition 
temperature  of  a  composite  (Tcc)  measured  as  a  function  of  composite 
composition. 

EXPERIMENTAL 

The  basic  superconducting  ceramic  powder,  YBa2Cu306+x,  was 
prepared  by  solid  state  chemical  reaction.  The  superconducting 
transition  temperature  of  the  sintered  YBa2Cu306+x  was  found  to  be 
88+2  K.  Preliminary  investigations  on  aluminum/pure  YBa2Cu306+x 
composites  indicated  that  60  wt.%  aluminum/40  wt.%  YBa2Cu3o6+x 
composites  behave  as  superconducting  materials  below  75  +  10  K. 
However,  it  was  found  that  an  addition  of  excess  copper  oxide  during 
the  synthesis  of  YBa2Cu306+x  has  improved  the  superconducting 
properties  of  final  aluminum  composites  [12].  Therefore,  during  the 
synthesis  of  the  superconducting  YBa2Cu306+x  powder,  nearly  5  moles 
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of  excess  copper  oxide  were  added  to  the  precursors.  Based  on  the 
micros tructura 1  characterization,  it  has  found  that  the  excess  (5 
moles)  copper  oxide  did  not  participate  in  the  chemical  reaction 
between  1  mole  of  Y203,  2  moles  of  BaC03  and  3  moles  of  CuO  to  form 
1  mole  of  YBa2Cu3Og+x  but  remained  as  CuO.  However,  a  small  amount 
(<  10  %)  of  the  excess  CuO  was  reduced  to  metallic  copper  during  the 
chemical  reaction. 

Figure  1  shows  a  typical  flow  diagram  of  the  processing  of 
aluminum/YBa2Cu306+x  composite  processing.  The  aluminum  and  silver 
composites  were  produced  in  two  separate  processing  steps.  In  the 
first  processing  step,  the  superconducting  YBa2Cu3o6+x  with  an 
excess  (5  moles)  of  CuO  was  synthesized  from  Y203,  BaC03  and  CuO 
powders  via  solid  state  chemical  reaction  method.  The  details  of 
the  powder  synthesis  were  given  elsewhere  [15].  The  as-synthesized 
Y-Ba-Cu-O  powder  containing  5  moles  of  excess  CuO  was  ground  into  a 
fine  powder  using  mortar  and  pestle  and  the  powder  characteristics 
are  given  in  Table  1. 

Table  1.  As  -  synthesized  yttrium,  barium  and  copper  oxide 
(YBa2Cu306+x)  powder  characteristics. 

Density  (gm  /  c.c)  6.0 

Average  particle  size  (micron)  -10.0 

Surface  area  (m2  /  gm)  0.22 

In  the  second  processing  step,  commercially  available  fine  (99.9 
%  pure)  aluminum  or  silver  powder  was  then  added  to  Y-Ba-Cu-0  powder 
and  were  mixed  thoroughly  in  dry  state  in  a  ball  mill  using  zirconia 
balls  for  one  hour.  Two  sets  of  experimental  procedures  were 
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Figure  l.  Flow  diagram  of  the  procaaaing  of  aluminum  /  YBa2cu3o6+JK 
oompoaitas. 
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adopted  for  producing  final  composites.  In  the  first  set  of 
experiments,  the  powder  mixture  (aluminum  or  silver  powder  and 
YBa2Cu306+x  powder)  was  dry  pressed  into  small  2.5  cm  diameter 
discs  under  an  applied  pressure  of  25,000  psi.  The  cold  pressed 
discs  were  placed  between  two  thick  aluminum  or  silver  plates.  While 
aluminum  composites  were  sintered  at  400°C  for  30  minutes,  the 
silver  composites  were  sintered  at  700°C  for  30  minutes.  During 
sintering  the  composite  sample  was  also  subjected  to  a  constant 
axial  load  of  10,000  psi.  The  sintered  discs  were  cooled  in  nitrogen 
and  were  cut  into  small  2  X  2  X  25  mm  bars.  In  the  second  set  of 
experiments,  the  mixture  containing  aluminum  and  YBa2Cu306+x  powders 
was  introduced  into  a  commercial  1100  aluminum  tube.  After  closing 
both  ends  of  the  tube  with  plugs  of  the  same  1100  series  aluminum, 
the  tube  was  subjected  to  cold  rolling  process  in  order  to  produce 
fine  wires  (2  mm  in  diameter)  and  0.02  mm  thick  tapes.  Due  care  was 
taken  in  order  to  prevent  the  heating  of  the  aluminum  tube  during 
the  cold  rolling  process.  The  final  aluminum  composite  wires  and 
tapes  were  annealed  at  400°C  for  30  minutes  in  flowing  nitrogen  gas 
atmosphere.  It  has  to  be  pointed  out  that  the  sintering  and 
annealing  temperature  for  aluminum  and  silver  composites  were  chosen 
to  be  different  because,  the  preliminary  experimental  results 
indicated  that  a  better  composite  density  and  adhesion  at  the  metal 
matrix  and  the  superconducting  ceramic  interface  can  be  achieved 
only  when  the  composites  are  processed  at  a  temperature  with  in  250 
-  300°C  of  the  melting  temperature  of  the  matrix  material.  Figure  2 
shows  typical  aluminum/YBa2Cu306+x  coils  and  tapes  that  were 
extruded  using  the  cold  rolling  process.  The  pre-form  from  which 
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superconducting  composites 


the  small  test  samples  (2  X  2  X  25  mm  bars)  were  cut  are  also  shown 
in  Figure  2  for  comparison. 

The  microstructure  of  all  samples  (obtained  from  small  bars,  2 
mm  dia.  wires  and  0.02  mm  thick  tapes)  were  examined  under  both 
optical,  scanning  and  transmission  electron  microscopes.  The 
structural  characterization  of  the  superconducting  YBa2Cu306+x 
particles  was  carried  out  using  x-ray  diffraction.  The  electrical 
resistance  of  all  samples  was  measured  as  a  function  of  temperature 
using  a  dc  four  probe  resistivity  measurement  unit.  Since  the  four 
probe  measurement  unit  cannot  accommodate  large  samples  the 
electrical  resistance,  measurements  of  the  composites  were  made  on 
small  samples.  In  order  to  obtain  a  representative  measurement  of 
the  resistance  of  long  wires  or  tapes,  small  samples  were  cut  from 
various  positions  along  the  length  of  the  wires  or  tapes  and  the 
electrical  resistance  of  all  small  samples  (that  represent  the 
entire  length  of  the  long  wire  or  tape)  was  measured  as  a  function 
of  temperature.  The  final  comparison  of  the  resistance  of  the  long 
coil  and  the  sum  total  of  small  samples  was  made  by  normalizing  the 
resistance  value  in  terms  of  electrical  resistivity  (which  is  given 
as  sample  resistance  X  area  of  cross  section  /  total  length  of  the 
sample) .  In  addition,  some  coils  were  produced  from  50  cm  long  and 
2  mm  dia.  wires  and/or  0.02  mm  tapes  and  the  electrical  resistance 
of  these  coils  was  measured  as  a  function  of  applied  current  at 
liquid  nitrogen  (-77  K) ,  dry  ice  (-250  K) ,  ice  (-273  K)  and  room 
temperature  (~  293  K) . 
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RESULTS 


Pur*  YB*2C'*3°6+x  B7st*11 

Figure  3A  shows  a  typical  morphology  of  sintered  superconducting 
ceramic  material  processed  using  the  as-synthesized  YBa2Cu3o6+x 
powder  containing  5  moles  of  excess  CuO.  The  electrical  resistance 
versus  temperature  behavior  of  the  same  sample  is  shown  in  Figure 
3B.  The  results  shown  in  Figures  3  (A)  and  (B)  suggest  that  the 
YBa2Cu3Oe+x  particles  tend  to  sinter  into  long  elongated  rods/plates 
and  the  sintered  ceramic  shows  superconducting  transition  around  86 
K.  The  electrical  resistance  versus  temperature  results  also 
indicate  that  the  presence  of  excess  5  moles  of  CuO  has  no  effect  on 
the  superconducting  property  of  pure  YBa2Cu306+x  (pure  YBa2Cu3Ofi+x 
has  a  Tc  86+2  K) .  The  X  -  ray  diffraction  patterns  obtained  from 
the  above  samples  indicated  that  the  sintered  ceramic  contains 
copper,  but,  the  primary  crystal  structure  of  the  sintered  material 
represents  the  orthorhombic  (superconducting)  structure  of  pure 
YBa2Cu306+x  material  that  has  been  reported  in  the  literature. 

8ilv*r/YBa2Cu3o6+x  composite  system 

Figure  4  shows  typical  electrical  resistance  versus  temperature 
plots  of  pure  silver  and  silver/ YBa2Cu306+x  composites.  The  zero 
resistance  temperature  versus  silver  concentration  in  the  composites 
was  determined  from  a  number  of  resistance  versus  temperature  plots 
similar  to  those  shown  in  Figure  4  and  the  results  are  shown  in 
Figure  5.  The  results  indicate  that  the  silver  composites  show 
superconducting  behavior  throughout  the  entire  concentration  range 
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Figure  3.  (A)  YBajCUjOg+j.  particle  morphology  and  (B)  electrical 

resistance  measured  as  a  function  of  sample  temperature  of  sintered 
YBa2Cu306+x  ceramic  material  with  5  moles  of  excess  CuO. 


Temperature  (K) 


Figure  4.  Electrical  resistance  versus  temperature  profiles  of 
commercial  silver  /  YBa2Cu,o6+x  composites.  Silver  concentration  (A) 
100,  (B)  10,  (C)  20,  (DJ  30,  (E)  40,  (F)  50,  (O)  60  and  (H)  63.6 
wt.%. 


16 


Superconducting  Transition 
Temperature  (K) 


rigura  5.  Zaro  reiistuca  taaparatura  varaua  ailvar 
profila  of  ailvar  /  YBa2Cu3o6+Jt  coapoaitaa. 


oonoantratlon 


17 


investigated  (10  -  72  wt.%  silver).  However ,  the  zero  resistance 
temperature  (Tc)  tends  to  decrease  with  an  increase  in  the 
concentration  of  silver  in  the  range  0  -  10  wt.%  and  40  -  72  wt.%. 
The  Tc  remains  nearly  independent  of  silver  concentration  in  the 
range  10  -  40  wt.%.  In  addition,  the  results  also  suggest  that  the 
normal  state  resistance  of  the  composites  decreases  with  an  increase 
in  the  silver  concentration. 

The  typical  microstructure  of  silver  composites  obtained  from 
polished  sample  surfaces  is  shown  as  a  function  of  silver 
concentration  in  Figure  6.  The  results  suggest  that  the 
distribution  of  YBa2Cu306+x  in  silver  matrix  is  very  uniform  and  the 
degree  of  uniformity  increases  with  an  increase  in  the  concentration 
of  silver  in  the  composites.  In  order  to  model  the  superconducting 
property  of  the  composites  in  terms  of  the  separation  distance 
between  two  YBa2Cu306+x  particles,  a  number  of  photomicrograhs 
representing  the  microstructure  of  all  composites  were  obtained. 

From  the  micrographs  the  average  particle  size  was  estimated 
(Figure  7) .  From  Figure  7  it  can  be  noticed  that  the  particle  size 
of  YBa2Cu306+x  increases  with  an  increase  in  the  silver 
concentration  initially  in  the  range  0  -  10  wt.%.  For  the  silver 
concentration  above  10  wt.%  this  trend  is  reversed.  Assuming  that 
the  particles  are  spherical,  the  YBa2Cu306+x  particle  -  particle 
separation  distance  was  estimated  as  a  function  of  silver 
concentration.  The  results  indicate  that  the  separation  distance 
increases  with  an  increase  in  the  silver  concentration.  Typical 
value  of  the  YBa2Cu306+x  particle  -  particle  separation  distance  for 
10  wt.%  and  72  wt.%  silver  composites  was  found  to  be  1  and  37 
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Figure  6.  Typical  microstructure  of  polished  silver/  YBa2Cu30 
composites.  Silver  concentration  (A)  10,  (B)  20,  (C)  30,  (D) 
(E)  50  (F)  60  (G)  63.6  and  (H)  72  vt.%. 


Particle  Size  (micron) 


Figure  7.  Particle  size  versus  silver  concentration  profiles  of 
silver  /  YBa2Cu306+x  composites. 
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microns  respectively. 


The  critical  current  density  measured  at  the  liquid  nitrogen 
temperature  (~ 77  K)  of  the  silver  composites  containing  silver  10 
and  40  wt.%  was  found  to  be  100  and  25  amp/ cm” 2  respectively. 

These  values  are  lower  than  those  reported  in  the  literature  for 
bulk  silver  composites  [16].  It  is  thought  that  such  a  low  value  for 
the  Jc  is  perhaps  due  to  the  fact  that  the  composites  are  not  dense 
enough  to  overcome  the  weak  links  at  the  interface  between  the 
silver  matrix  and  the  superconducting  YBa2Cu306+x  particles. 

In  order  to  understand  the  mechanism  of  the  superconducting 
behavior  of  the  silver  composites,  the  proximity  theory  was  applied. 
According  to  the  classical  proximity  theory  of  low  temperature 
superconductors,  the  extrapolated  length  for  the  diffusion  of 
"Cooper  pairs"  from  superconductor  to  the  non  superconducting 
metallic  conductor  is  -  0.1  microns.  However,  the  measured 
separation  distance  for  the  silver  superconductors  range  from  1-37 
microns.  It  is  therefore,  evident  from  the  measured  separation 
distance  data  that  the  proximity  theory  of  low  temperature 
superconductors  is  not  applicable  to  the  high  temperature 
superconducting  silver  composite  system  to  predict  the  extrapolated 
length  of  the  diffusion  of  superconductivity.  An  effort  was  made  to 
estimate  the  extrapolated  length  of  diffusion  of  the  superconducting 
electrons  into  the  silver  matrix  using  the  above  suggested  Deutscher 
and  de  Gennes  model,  Pande  model  and  the  model  that  was  developed 
during  the  present  investigation  (Equations  1  -  3) .  The  results  of 
the  modeling  indicated  that  the  present  data  on  silver  composites 
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can  be  normalized  on  the  Deutscher  and  de  Gennes's  expression 
(equation  1),  over  the  entire  concentration  range  investigated  (i.e. 
silver  concentration  range  10  -  72  wt.%).  However,  the  model 
predicts  that  the  maximum  distance  that  the  superconducting 
electrons  can  penetrate  into  the  matrix  will  be  -  6  microns.  A 
similar  analytical  treatment  of  the  measured  data  with  the  other  two 
models  (equations  2,  and  3)  reveal  that  the  over  all  behavior  of  the 
silver  composites  (over  the  concentration  range  10  -  72  wt.%)  cannot 
be  normalized  into  one  generalized  expression.  Analytical  treatment 
of  the  experimental  results  using  the  equations  2  and  3  suggested 
that  the  observed  superconducting  behavior  of  silver  composites  fall 
into  two  categories  (viz.  composites  containing  10  -  40  wt.%  silver; 
and  Tc  >  60  K)  and  composites  containing  40  -  72  wt.%  silver;  and  Tc 
<  60  K) .  In  addition,  the  present  model  predicted  the  diffusional 
depth  for  superconducting  electrons  to  range  from  0.28  -  2  microns. 
These  results  indicate  that  the  predicted  extrapolated  lengths  for 
the  diffusion  of  superconductivity  are  too  low  compared  to  the 
measured  separation  distance  (range  1-37  micron) . 

The  above  disagreement  may  arise  due  to  several  factors.  For 
example,  (1)  the  above  models  assume  that  the  superconducting 
phenomena  in  these  materials  is  similar  to  that  of  low  temperature 
(liquid  helium  temperature)  superconductors;  (2)  the  separation 
distances  were  estimated  taking  into  consideration  only  the  large 
superconducting  YBa2Cu306+x  particles  that  were  accessible  for  the 
estimation  of  particle  size  (it  is  possible  that  a  large  fraction  of 
very  fine  (<0.1  micron)  size  particles  that  are  often  distributed 
throughout  the  matrix  may  account  for  smaller  separation  distance 
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between  any  two  adjacent  superconducting  YBa2Cu306+x  particles) ;  and 
(3)  the  model  does  not  take  into  account  the  three  dimensional 
effect  of  the  particle  particle  separation. 

Aluminum/ YBa2Cu3064.z  composite  System 

Figure  8  shows  typical  electrical  resistance  versus  temperature 
plots  of  pure  aluminum  and  aluminum/ YBa2Cu306+x  composites.  The 
results  indicate  that  the  aluminum  composites  show  typical  metallic 
behavior  (and  composite  resistance  »  resistance  of  pure  aluminum) 
when  the  aluminum  concentration  is  in  the  range  of  10  -  55  wt.l.  In 
addition,  the  results  also  suggest  that  the  resistance  of  the 
composites  decreases  with  an  increase  in  the  aluminum  concentration. 
However,  if  the  concentration  of  the  aluminum  in  the  composites  is  - 
60  wt.%,  unlike  for  pure  YBa2Cu3Ofi+x  system,  the  new  aluminum 
composite  system  shows  two  transitions  of  the  electrical  resistance 
around  90  and  120  K.  Above  the  concentration  range  of  >  62  wt.%, 
the  aluminum  composites  behave  as  normal  metallic  conductors  with 
electrical  resistance  versus  temperature  behavior  similar  to  that  of 
pure  aluminum  (and  composite  resistance  -  resistance  of  pure 
aluminum) .  From  a  number  of  electrical  resistance  measurements  a 
cumulative  resistance  versus  temperature  plot  for  60  wt.% 
aluminum/40  wt.%  YBa2Cu306+x  composite  was  developed.  The  results 
are  shown  in  Figure  9  and  the  results  suggest  that  the  60  wt.% 
aluminum/40  wt.%  YBa2Cu306+x  composite  shows  a  broad  transitional 
regions  around  90  and  120  K.  The  typical  microstructure  of  aluminum 
composites  obtained  from  polished  sample  surfaces  is  shown  as  a 
function  of  aluminum  concentration  in  Figure  10.  The  results 
indicate  that  the  distribution  of  YBa2Cu306+x  in  aluminum  matrix  is 
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Figure  a.  Electrical  resistance  versus  tsmparaturs  profiles  of 
commercial  lioo  grade  aluminum  and  aluminum  /  TBa-C^Og.^ 
composites.  Aluminum  oonoentration  (A)  100,  (B)  io,  (C)  20,  (D)  30 
(B)  40,  (F)  50,  (G)  55  and  (H)  CO  Vt.%. 
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Figure  9.  Cumulative  plot  of  the  electrical  resistance  versus 
temperature  profile  of  60  vt.%  aluminum  /  40  vt.%  YBa2Cu3o6+x 
composites. 


25 


very  uniform  and  the  degree  of  uniformity  increases  with  an  increase 
in  the  concentration  of  aluminum  in  the  composites. 

In  order  to  determine  the  cohesive  strength  (that  represents  the 
adhesion  and  bonding  of  the  matrix  material  and  the  dispersed 
superconducting  powder)  of  the  hot  pressed  and  cold  rolled 
composites,  the  bulk  composite  density  was  estimated  using  the  water 
displacement  method.  The  results  show  that  the  composite  density  of 
all  the  samples  investigated  here  tends  to  increases  with  an 
increase  in  the  aluminum  concentration.  However,  the  hot  pressed 
composite  pre-forms  containing  <  40  wt.%  aluminum  are  too  fragile 
and  tend  to  break  very  easily  suggesting  that  the  sintering 
temperature  of  375  -  400°C  used  in  the  present  processing  is  not 
sufficient  for  the  composites  containing  aluminum  <  60  wt.%  to 
sinter  and  form  denser  compacts. 

In  order  to  reconfirm  the  observed  transitions  in  the  electrical 
resistance  versus  temperature  profiles  of  the  aluminum/ YBa2Cu306+x 
composites,  a  series  of  additional  experiments  were  conducted  and 
the  details  of  the  experiments  are  as  follows  : 

In  the  first  set  of  experiments,  the  electrical  resistance  of 
small  bars  of  the  composite  samples  was  measured  as  a  function  of 
temperature  and  applied  current.  Figure  11  shows  typical  electrical 
resistance  versus  temperature  profiles  obtained  as  a  function  of 
applied  current  for  60  wt.%  aluminum/40  wt.%  YBa2Cu306.f.x  composites. 
From  a  number  of  such  electrical  resistance  versus  temperature 
measurements,  the  transition  temperatures  were  determined  and  the 
results  are  shown  in  Figure  12.  The  results  shown  in  Figures  11  and 
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Figure  ii.  Electrical  resistance  versus  teaperature  represented 
a  function  of  (actual)  applied  current  for  60  wt.%  aluminum  /  40 
vt.%  YBa2Cu3o6+JC  composites. 
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Figure  12,  Transition  tanporatura  versus  (actual)  applied  current 
plots  of  eo  vt.%  aluminum  /  40  vt.%  YBa2cu3o^SE  composites. 


12  suggest  that  as  the  applied  current  is  increased,  the  transition 
that  was  observed  in  these  composites  tend  to  move  towards  the  lower 
end  of  the  temperature  scale.  A  continued  increase  in  the  applied 
current  from  20  milliamperes  to  100  milliamperes  leads  to  (i)  the 
disappearance  of  the  high  temperature  transition  (labeled  in  Figure 
12  as  "upper  transition") ;  (ii)  a  shift  in  the  lower  transition 
temperature  towards  the  lower  end  of  the  temperature  scale  and  (iii) 
the  eventual  loss  of  the  superconducting  property  of  the  aluminum 
composite;  at  which  point  the  composite  tends  to  behave  as  a 
metallic  conductor. 

In  the  second  set  of  experiments  the  magnetic  moment  of  the  60 
wt.%  aluminum/40  wt.%  YBa2Cu306+x  composites  was  measured  as  a 
function  of  sample  temperature  and  the  applied  magnetic  field 
strength.  Figure  13  shows  typical  magnetic  moment  versus 
temperature  profiles  of  the  60  wt.%  aluminum  composites.  The 
results  suggest  that  the  composites  behave  as  para-magnetic 
materials  above  -77  K  and  below  77  K  they  behave  as  diamagnetic 
materials.  Since  the  superconductivity  is  associated  with  the 
diamagnetic  components,  the  above  results  indicate  that  the  60  wt.% 
aluminum  conductors  have  a  superconducting  transition  around  77  K. 

In  addition,  the  results  also  suggest  that  the  superconducting 
transition  temperature  is  independent  of  the  applied  magnetic  field 
(range  35  -  175  gauss)  investigated  here. 

In  the  third  set  of  experiments,  a  few  samples  that  were 
processed  in  different  batches  were  analyzed  at  both  Argonne 
National  laboratory  (ANL)  and  Naval  Research  Laboratory  (NRL)  using 
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Figure  13.  Magnetic  aoaent  varaut  sample  temperature  profilss  of  CO 
«t.%  aluminum  /  40  wt.%  YBa2Cu3o6._  compoaitea  measured  using  SQUID. 
Tbs  applied  magnetic  field  strengths  are  35,  75  and  175  gauss. 
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magnetic  susceptibility,  four  probe  DC  electrical  resistivity  and  ac 
susceptibility  methods  respectively  to  determine  the  composite 
behavior  as  a  function  of  temperature.  Figures  14  -  16  show  typical 
examples  of  the  composite  behavior  as  a  function  of  temperature. 

The  results  shown  in  Figures  14  -  16  indicate  that  all  samples 
analyzed  at  both  ANL  and  NRL  behave  as  superconductors  above  77  K. 
However,  the  samples  analyzed  at  NRL  have  higher  transition 
temperature. 

In  the  fourth  set  of  experiments,  a  few  samples  were  sintered  at 
a  slightly  higher  temperature  (original  sintering  temperature  was 
changed  from  400°C  to  550°C)  and  a  few  other  samples  were  sintered 
at  400°C  for  a  longer  time  (sintering  time  was  changed  from  30 
minutes  to  120  minutes) .  Figure  17  shows  a  typical  electrical 
resistance  versus  temperature  profile  of  60  wt.%  aluminum/40  wt.% 
YBa2Cu3o6+x  composite  sintered  at  400  and  550°C  respectively.  The 
results  suggest  that  the  zero  resistance  transition  for  this  set  of 
test  samples  sintered  at  400°C  for  30  minutes  occurs  around  90  K  and 
a  second  transition  at  around  110  K.  However,  if  the  composites  were 
sintered  at  550°c  for  30  minutes  or  were  sintered  at  400°  for  2 
hours,  the  composites  would  lose  their  superconducting  property. 

From  the  above  results  it  can  be  inferred  that  the  two  new 
transitions  that  were  observed  in  60  wt.%  aluminum/40  wt.% 
Ylk^Cu^Og+jj  are  very  sensitive  to  the  processing  parameters,  such  as 
sintering  temperature  and  sintering  time. 

In  the  fifth  set  of  experiments,  a  number  of  samples  that 
represent  both  thin  bars  and  long  wires  or  tapes  were  placed  in  a 
special  sample  holder  which  was  mounted  in  a  cryogenic  system  that 
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Figur*  15.  Electrical  resistance  versus  temperature  profiles  of  so 
wt.%  alu*iauM/YBa2CU306+x  composites. 
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Figure  16.  Electrical  resistivity  versus  temperature  profiles  of  60 
vt.%  aluninua/yBa2cu3o6+x  coaposites  aeasured  using  ac 
susceptibility  method. 
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Figure  17.  Electrical  resistance  versus  temperature  plots  of  CO  wt.% 
aluminum  /  40  vt.  %  YBa2cu3o6+JC  composites  represented  as  a  function 
of  (Jk,  C)  sintering  temperature  and  (B)  duration  of  sintering. 
Sintering  temperature  (A/  B)  400°C  and  (C)  550°c.  Duration  of 
sintering  (A,  C)  30  and  (B)  120  minutes. 
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can  be  maintained  at  any  temperature  in  the  range  of  77  -  300  K. 

The  electrical  resistance  of  the  sample  was  determined  as  a  function 
of  applied  current,  and  the  results  obtained  for  a  number  of 
measurements  made  at  liquid  nitrogen  temperature  are  shown  in  Figure 
18.  The  results  suggest  that  while  the  small  bar  samples  can  carry 
current  (without  offering  any  resistance)  at  about  50  amp  cm-2,  the 
50  cm  long  wires/tapes  (wound  as  coils)  can  carry  currents  in  the 
range  10  -  15  amp  cm-2  respectively.  Similar  resistance  versus 
applied  current  measurements  obtained  for  all  samples  (both  small 
bars  and  long  wires)  at  room  temperature  (293  K) ,  in  ice  (273K)  and 
dry  ice  (  -250K)  showed  a  typical  aluminum  conductor  behavior. 

An  effort  was  made  to  model  the  aluminum  composite  system  based 
on  the  proximity  theory,  all  the  efforts  failed  because  the 
superconducting  property  of  these  composites  is  very  unique  and  is 
limited  to  a  very  narrow  concentration  range  (59  -  61  wt.% 
aluminum) .  The  mechanism  of  the  observed  superconductivity  of  the 
60wt . %  aluminum/40  wt.%  YBa2Cu306+x  may  be  explained  on  the 
electronic  band  structure  of  the  composite. 

DI8CU88Z0H 

The  high  temperature  superconducting  ceramic  materials  are 
expected  to  provide  a  suitable  and  cost  effective  alternative  to  the 
presently  used  metallic  superconductors,  such  as  NbTi  and  Nb3Sn  that 
are  being  operated  at  liquid  helium  temperatures  (~4  K) .  However, 
for  the  large  scale  processing  of  the  ceramic  materials  into  ductile 
forms  remains  unresolved.  Although,  processing  via  composite 
fabrication  is  the  possible  practical  solution  to  overcome  the 
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brittle  nature  of  the  ceramic  superconductors,  both  the 
superconducting  transition  temperature  (Tc)  and  the  critical  current 
capacity  of  the  ceramic  superconductor  (Jc)  has  to  maintained.  In 
addition,  the  added  metallic  species  should  not  alter  the 
stoichiometry  of  the  superconducting  YBa2Cu306+x  ceramic  material. 
Both  silver  and  gold  may  satisfy  all  the  above  requirement,  however, 
based  on  the  economical  criteria  for  large  scale  manufacturing  the 
noble  metal  based  composite  systems  are  not  very  practical. 

Aluminum  is  a  better  substitute  for  the  noble  metals.  It  is  because 

(i)  the  aluminum  is  readily  available  and  is  very  cost  effective; 

(ii)  from  the  present  investigation  it  has  demonstrated  that  the  new 
aluminum  composite  that  has  been  discovered  here  has  a  higher 
superconducting  threshold  than  that  of  either  silver  or  gold 
composites.  However,  it  has  to  be  recognized  from  the  present 
investigation,  aluminum  based  superconducting  composite  material 
technology  requires  further  refinement  of  the  processing  as  well  as 
a  better  understanding  of  both  the  macro-  and  micro-  structural 
properties  of  the  composites. 

The  present  study  indicates  that  two  transitional  regions  of  the 
resistance  versus  temperature  profile  of  the  aluminum  composite 
exist  with  the  60  wt.%  aluminum/40  wt.%  YBa2Cu306+x  composites. 
However,  the  physics  behind  this  behavior  is  not  clear.  For 
aluminum  composites  with  <  55  wt.%  aluminum,  it  is  possible  that  the 
present  processing  conditions  (i.e.  sintering  temperature  400°c, 
time  30  minutes  and  uniaxial  pressure  of  10,000  psi)  are  (1)  not 
producing  dense  enough  composites  and  may  require  higher  sintering 
temperature  and/or  pressure,  and  (2)  the  experimental  conditions 
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tend  to  accelerate  the  conversion  of  aluminum  to  aluminum  oxide  in 
these  composites.  In  order  to  explore  the  possibilities  additional 
experiments  were  conducted.  These  experiments  were  the  sintering  of 
the  composites  under  25,000  psi  instead  of  10,000  psi;  the  addition 
of  oxygen  donating  compounds  (viz.  silver  oxide);  and  the  sintering 
of  the  composites  at  a  higher  temperature  in  an  inert  atmosphere. 
Although,  at  the  present  time  the  experimental  results  are  not  very 
conclusive,  it  appears  that  a  number  of  physical  variables  tend  to 
control  the  physical  behavior  of  these  aluminum  composites.  For 
example,  (a)  the  uneven  distribution  of  superconducting  YBa2Cu3Oe+x 
particles  in  the  matrix  of  aluminum  that  results  from  the  extrusion 
process  could  be  an  important  factor.  Figures  19  (A)  and  (B)  show  a 
typical  microstructure  of  60  wt.%  aluminum  composite  obtained  from 
two  different  regions  of  50  cm  long  coil.  The  results  suggest  that 
while  the  superconducting  YBa2Cu306+x  is  uniformly  distributed  in 
the  microstructure  representing  area  (A) ,  large  clustering  of 
YBa2Cu306+x  particles  is  discernible  in  the  microstructure 
representing  the  area  shown  in  Figure  19(B).  A  semi-qualitative 
estimate  of  the  local  composition  of  the  composite  indicates  that 
the  region  shown  in  Figure  19(B)  represents  a  typical  localized 
concentration  of  20  wt.%  aluminum  and  80  wt.%  YBa2Cu3Ofi+x  composite. 
It  has  been  shown  in  Figure  8  that  20  wt.%  aluminum/80  wt.% 
YBa2Cu306+x  composite  does  not  show  the  superconducting  transition. 
The  net  effect  of  such  wire  drawing  or  rolling  induced 
microstructural  heterogeneity  would  degrade  the  overall 
superconducting  property  of  the  extruded  wires  or  tapes.  As  a 
result  the  overall  current  carrying  capacity  of  the  long  coils  or 
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Figure  19.  Typical  nicrostructure  representing  two  different  regions 
of  the  polished  surface  of  a  long  60  wt.%  aluminum  /  40  wt.% 
YBa^Cu^Og . x  composite  wire.  Region  (A)  represents  the  uniform 
distri&ution  of  YBajCu^Og^  and  the  region  (B)  represents 
aggregation  of  YBa2Cu306.|.x  particles. 
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tapes  decrease.  (b)  The  experimental  results  indicate  that  if  the 
composite  contains  low  levels  of  aluminum,  the  aluminum  tends  to  be 
surrounded  by  YBa2Cu3Og+x  and/or  the  excess  CuO  particles.  As  a 
result,  during  sintering  at  400°C,  the  aluminum  tends  to  deplete  the 
free  oxygen  both  from  CuO  and  YBa2Cu3Og+x  and  form  aluminum  oxide. 
Figure  20  shows  a  typical  microstructure  and  the  elemental 
composition  of  the  aluminum  matrix,  a  YBa2Cu3Og+x  particle  and  the 
interfacial  region.  The  results  suggest  that  the  composition  of  the 
Y-Ba-Cu-0  changes  from  YBa2Cu3Og+x  to  Y2BaCu05  as  it  approaches 
close  to  the  interface.  Thus  the  progressional  changes  can  be 
represented  as  YBa2Cu306+x  -  YBaCu204+x  -  Y2BaCu05  -  YBaCu1Q5Al  - 
Al.  (c)  If  the  aluminum  content  of  the  composite  is  too  high,  a 
thin  layer  (typically  10  -  20  nm  and  rich  in  Y203)  tends  to  form  and 
grow  along  the  per ir,  ter  of  the  YBa2Cu306+x  particles  (Figure  21). 

In  order  to  understand  the  mechanism  of  the  above  mentioned 
processes,  additional  experiments  will  be  conducted  to  relate  the 
microstructure  of  the  composite  and  the  process  methodology. 

In  addition,  a  theoretical  model  based  on  the  electronic  band 
structure,  Fermi  energy  of  the  surface  of  YBa2Cu3Og+x  are  being 
explored  at  the  present  time  in  order  to  understand  the  effect  of 
the  partial  diffusion  of  aluminum  into  the  lattice  of  YBa2Cu306+x 
and  /  or  the  presence  of  aluminum  atom  close  to  the  lattice  of 
YBa2Cu306+x  on  the  electronic  structure  and  the  hole  concentration 
of  the  superconductor.  The  results  of  both  the  experimental 
analysis  and  predictions  of  the  theoretical  model  on  the  electronic 
structure  of  YBa2Cu306+x  in  presence  of  aluminum  will  be  presented 
at  a  later  date. 
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Figure  20.  Typical  micros t rue ture  and  the  corresponding 
compositional  analysis  of  YBa2Cu306+J£  -  aluminum  interface. 
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Figure  21.  The  transmission  electron  micrographs  obtained  from  the 
interfacial  region  between  aluminum  matrix  and  yba2Cu3064.x  particle. 
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CONCLUSION 


From  the  present  investigation  the  following  conclusions  can  be 

derived  : 

1.  The  addition  of  excess  5  moles  of  copper  to  YBa2Cu306+x  does  not 
affect  the  superconducting  behavior  of  pure  YBa2Cu306+x 
material.  The  composition  based  on  excess  CuO  is  more  useful 
and  convenient  for  the  large  scale  processing  of  the 
superconducting  materials. 

2.  The  addition  of  silver  to  the  YBa2Cu3°6+x  does  not  affect  the 
superconducting  behavior  of  YBa2Cu306+x  over  the  entire 
concentration  range  of  10  -  72  wt.%  silver.  However  the  Tc 
decreases  from  Tc  77  K  to  60  K  with  an  increase  in  the 
concentration  of  silver  above  40  wt.%  to  72  wt.%  (Figure  22). 

3.  The  critical  current  carrying  capacity  of  silver  composites 
tends  to  decrease  (from  100  to  25  amp  cm“2)  as  a  result  of  the 
increase  in  the  concentration  of  silver  in  the  composite  (from 
10  -  72  wt.%) . 

4.  Although,  the  theoretical  models  based  on  classical  proximity 
theory  of  low  temperature  superconductors  can  predict  the 
lowering  of  Tc  with  the  increase  in  the  concentration  of  silver 
in  the  composites,  the  extrapolated  length  for  the  diffusion  of 
superconductivity  from  YBa2Cu306+x  into  silver  matrix  predicted 
from  the  theory  are  not  agreeable  with  the  experimentally 
determined  superconducting  YBa2Cu306+x  particle  -  particle 
separation  distance. 

5.  Aluminum/YBa2Cu306+x  composites  behave  as  superconductors  only 
within  a  narrow  aluminum  concentration  range  (58  -  61  wt.% 
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Material  Electrical  Behavior 
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aluminum  /  42  -  39  wt.%  YBa2Cu306+x  (Figure  23))  and  no  present 
theory  can  explain  the  mechanism  of  the  superconductivity  in 
these  composites. 

6.  60  wt.%  Aluminum/40  vt.%  YBa2Cu306+x  composites  show  two 
transitions  around  90  and  120  K  respectively. 

7.  The  observed  transitions  strongly  depend  upon  the  applied 
current. 

8.  The  observed  transitions  are  very  sensitive  to  the  process 
parameters  such  as  sintering  temperature  and  the  sintering  time. 

9.  Conventional  cold  rolling  of  aluminum/YBa2Cu306+x  pre-forms 
tends  to  produce  tapes  or  wires  with  an  uneven  distribution  of 
superconducting  YBa2Cu306+x  phase. 

10.  The  critical  current  density  of  small  samples,  and  long  wires  at 
liguid  nitrogen  temperature  is  about  50  amp  cm-2  and  10  -  15  amp 
cm-2  respectively. 
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